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[ABSTRACT] The resin of Ferula sinkiangensis has been traditionally utilized for  treating gastrointestinal  disorders,  inflammation,
tumors, various cancers, and alopecia areata. The primary bioactive constituents, sesquiterpene coumarins, have demonstrated notable
therapeutic potential against neuroinflammation. In this study, a structure-guided fractionation method was used to isolate nine novel
sesquiterpene  coumarins  from  the  resin  of F.  sinkiangensis.  These  compounds  were  characterized  and  structurally  elucidated  using
comprehensive physicochemical and spectroscopic techniques, including calculated electronic circular dichroism (ECD). Anti-neuroin-
flammatory  assays  revealed  that  compounds 2, 3,  and 6 significantly  inhibited  nitric  oxide  (NO)  production  in  lipopolysaccharide
(LPS)-stimulated BV2 microglial cells, with IC50 values ranging from 1.63 to 12.25 μmol·L−1.
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 Introduction

Ferula (Apiaceae),  a  rare  traditional  medicinal  plant,  is
distributed  across  Central  Asia,  the  Western  Mediterranean,
and Northern Africa. Its resin is known as “Awei” in China,
“Kama” in Afghanistan, “Sheingho” in Myanmar, and “Asa-
foetida” in other regions.  In China,  “Awei” has a medicinal
history spanning over 1300 years, primarily used for treating
gastrointestinal  disorders  and  various  cancers [1]. Addition-
ally, it  is employed in treating alopecia areata,  malignant in-
flammatory paralysis,  dental  issues,  and  other  ailments,  par-
ticularly in the Xinjiang region.

Neuroinflammation, driven  by  the  overactivation  of  mi-
croglia,  plays  a  critical  role  in  numerous  neurodegenerative

diseases such as stroke, Alzheimer’s disease, and Parkinson-
ism. Increasing  evidence  indicates  that  overactivated  mi-
croglia  produce  various  neurotoxic  factors,  including  nitric
oxide (NO),  tumor  necrosis  factor-alpha  (TNF-α),  and inter-
leukin-1 beta (IL-1β), leading to neuronal damage [2, 3]. There-
fore,  inhibiting  microglial  hyperactivation  is  a  promising
strategy for discovering potential neuroprotective agents. Pre-
vious  studies  have  identified  sesquiterpene  coumarins  (SCs)
from F. sinkiangensis as potent inhibitors of neuroinflamma-
tion [4].  SCs,  such  as  kellerin,  have  demonstrated  significant
therapeutic  potential  by  reducing  infarct  volume  in  middle
cerebral artery occlusion (MCAO) rats, indicating their effic-
acy in treating ischemic stroke in vivo [5].

Building  on  the  neuroinflammation  inhibitory  potential
of  SCs,  we  conducted  a  structure-guided  fractionation  study
on the resin of F. sinkiangensis. This process led to the isola-
tion of  nine  previously  undescribed  SCs:  isobutyryl  farnesi-
ferol (1), farnesiferone C (2), farnesiferol acetate (3), ferusin-
gensine I  (4),  ferusingensine J  (5),  ferusingensine L (6), fer-
usingensine  M (7),  ferusingensine  N (8),  and  ferusingensine
O (9) (Fig. 1). We report the isolation and structural elucida-
tion of these novel SCs and their anti-neuroinflammatory ef-
fects  in  lipopolysaccharide  (LPS)-induced  BV2  microglial
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cells.  Notably,  farnesiferone  C  (2),  farnesiferol  acetate  (3),
and  ferusingensine  L  (6) significantly  inhibited  NO  produc-
tion  in  LPS-stimulated  BV2  cells,  with  IC50 values  ranging
from 1.63 to 12.25 μmol·L−1.

 Results and Discussion

 Characteristic MS/MS fragment ions of SCs
To  facilitate  the  rapid  identification  of  SCs  in  complex

mixtures, we  detailed  the  fragmentation  pathways  of  refer-
ence compounds, as depicted in Fig. 2A, based on their char-
acteristic  ion  fragments.  SCs  can  be  categorized  into  three
groups:  acyclic,  monocyclic,  and  dicyclic  umbelliferone-de-
rived SCs. The fragmentation pathways for these groups were
elucidated  using  umbelliprenin,  fekrynol,  sinkianone,  and
acetylferukrin as representative examples.

Acyclic  umbelliferone-derived  SCs  exhibit  relatively
simple cleavage patterns.  Diagnostic ions of these SCs often
serve as general  markers for umbelliferone-derived SCs. For
umbelliprenin,  the  protonated  ion  at m/z 367 produced  frag-
ments at m/z 205, 163, and 107, resulting from the loss of ses-
quiterpenes and decarbonylation. The fragment at m/z 163 is
the most abundant, as it  indicates the loss of a sesquiterpene
group m/z 367. Consequently, the diagnostic ions for umbelli-
prenin and similar SCs are identified as m/z 367→163→107.

The fragmentation of  monocyclic  SCs,  such as  fekrynol
and sinkianone, involves the cleavage of rings A and B. For
fekrynol,  the quasimolecular ion at m/z 385 [M + H]+ yields
fragments at m/z 223 [M − C9H6O3 + H]+, 163 [M − C15H26O
− RH + H]+, and 107 [M − C15H26O − RH − 2CO + H]+. Ad-
ditional fragments at m/z 205 and 189 result from successive

losses of H2O, while the fragments at m/z 149, 135, and 121
stem from the loss of methylene groups. Thus, the diagnostic
ions  for  monocyclic  SCs  with  A-ring  cleavage  are m/z
223→189→149→135→121.  For  sinkianone,  the  quasim-
olecular  ion at m/z 383 [M + H]+ produces fragments  at m/z
221, 163, and 107, similar to the A-ring cleavage pattern. The
ion at m/z 221 further fragments to m/z 203 and 119 through
the loss of H2O and A-ring removal. Thus, the diagnostic ions
for  monocyclic  SCs  with  B-ring  cleavage  are m/z 221→
203→119.

In  addition,  dicyclic  SCs  exhibit  fragmentation  patterns
similar to  monocyclic  SCs  with  A-ring  cleavage.  For  acet-
ylferukrin, fragment ions at m/z 147, 133, and 119 result from
decarbonylation.  The diagnostic  ions  for  identifying dicyclic
SCs are m/z 223→203→147→133→119.

Based on these fragmentation pathways, we analyzed the
resin of F. Sinikiangensis using LC-MS (Fig. 2B) [6]. The data
revealed a  series  of  compounds  that  conform  to  the  estab-
lished  fragmentation  patterns  for  SCs,  particularly  in  the
middle  polar  fraction  of  the  resin.  By  comparing  molecular
weights with those in the SCs database, we hypothesized that
some of these compounds might be novel SCs (Fig. 2C). Giv-
en that  identical  molecular  formulas  can  correspond  to  mul-
tiple chemical structures, it was unclear whether the detected
compounds of types A and B were previously known. Since
LC-MS data  alone  cannot  resolve  this  ambiguity,  we  em-
ployed conventional  separation methods for  the intermediate
polar fraction of F. Sinikiangensis resin. As a result, we suc-
cessfully identified  a  series  of  previously  undescribed  com-
pounds,  labeled  as 1–9, using  a  variety  of  analytical  tech-
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Fig. 1    Structures of compounds 1−9.
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niques.
 Structural elucidation

Compound 1 was obtained as a white amorphous powder
(MeOH). Its molecular formula of C28H36O5 was determined
from the molecular ion peak at m/z 453.2642 [M + H]+ (Cal-
cd. 453.2641 for C28H37O5) obtained by HR-ESI-MS, indicat-
ing 11 degrees of unsaturation.

The 1H NMR spectrum (Table 1) of 1 showed five char-
acteristic  protons  of  7-O-substituted  coumarin  moiety  at δH

7.63 (1H, d, J = 9.5 Hz, H-4), 7.36 (1H, d, J = 8.3 Hz, H-5),
6.80 (1H, m, H-8), 6.78 (1H, m, H-6) and 6.24 (1H, d, J = 9.5
Hz,  H-3),  along with two olefinic  protons at δH 4.82 (1H,  s,
Ha -12'), 4.73 (1H, s, Hb -12'), an oxygenated methine group
at δH 4.48 (1H, m, H-3'), one oxygenated methylene group at
δH 4.30 (1H, dd, J = 10.0, 6.0 Hz, Ha -11')/4.02 (1H, dd, J =
10.0, 6.0 Hz, Hb -11'), and three tertiary methyl groups at δH

1.02 (3H, s, CH3-15'), 0.92 (3H, s, CH3-13') and 0.90 (3H, s,
CH3-14'). Moreover, signals at δH 2.54 (1H, m, H-2''), δH 1.18
(3H, d, J = 7.0 Hz, CH3-3''), and 1.16 (3H, d, J = 7.0 Hz, CH3-
3'')  were  also  observed  in  the 1H NMR spectrum,  indicating

the presence of an isobutyryl group. The 13C NMR spectrum
of 1 (Table 2) exhibited twenty-eight carbon signals, contain-
ing nine carbon signals for characteristic umbelliferone skel-
eton [δC 162.0  (C-7),  161.4  (C-2),  156.0  (C-9),  143.5  (C-4),
128.9  (C-5),  113.2  (C-3),  113.1  (C-6),  112.7  (C-10),  and
102.0 (C-8)], and four carbon signals for the isobutyryl group
at δC 176.9 (C-1''), 34.6 (C-2''), 19.3 (C-3''), and 19.1 (C-4'').
The remaining 15 carbon signals indicate the presence of the
sesquiterpene fragment,  including  two  olefinic  carbon  sig-
nals  at δC 146.7  (C-8'),  111.6  (C-12'),  and  two  oxygenated
carbon  signals  at δC 80.2  (C-3')  and  68.2  (C-11').  These  1D
NMR data indicated that 1 was a sesquiterpene coumarin [7].
Furthermore, as the coumarin moiety (7 degrees of unsatura-
tion), one carbonyl group, and one double bond only contrib-
uted to 9 degrees of unsaturation, the sesquiterpene moiety of
1 was deduced to be dicyclic. These observations align with a
reported dicyclic sesquiterpene coumarin scaffold [8]. The het-
eronuclear  multiple  bond  correlation  (HMBC)  of δH 4.48
(1H, m, H-3') witho δC 176.9 (C-1'') suggested the location of
the isobutyryl group was at C-3'. The correlations of δH 4.82
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Fig. 2    (A) UPLC-MS/MS spectra and the proposed fragmentation pathways of four representative SCs (umbelliprenin, fekryn-
ol, sinkianone, and acetylferukrin) in positive ion mode. (B) Base peak ion chromatograms from the positive ionization mode of
LC-MS of the F. sinkiangensis resina chemical extract in the 360−500 range. (C) Positive ESI-MS-Base peak ion chromatograms
of compounds 6 and 8, respectively.
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(1H, br. s, Ha-12') and 4.73 (1H, br. s, Hb-12') with δC 56.7 (C-
9')  and 32.4  (C-7') and  of δH 0.92  (3H,  s,  CH3-13') and  0.90
(3H, s, CH3-14') with δC 80.2 (C-3'), 38.2 (C-4'), and 46.8 (C-
5') indicated that the terminal double bond was situated at C-
8', and CH3-13' and CH3-14' was located at C-4', respectively.
The CH3-15' was situated at C-10' and was supported by the
HMBCs of δH 1.02 (3H, s, CH3-15') with δC 56.7 (C-9'), 46.8
(C-5'), and 34.6 (C-1') (Fig. 3). The relative configuration of
1 was deduced from the NOESY spectrum (Fig. 4). The cor-
relations between H-3'/H-5'/H2-11' and CH3-14'/CH3-15'/H-9'
established  an β-orientation  for  H2-11',  H-3',  and  CH3-13',
and an α-orientation for H-9', CH3-14', and CH3-15'. Further-
more,  through comparative experiments  and calculated ECD
spectra,  the  absolute  configuration  of 1 was further  determ-
ined as 3'R,5'S,9'S,10'R (Fig. 5). The structure of 1 was identi-
fied as isobutyryl farnesiferol.

Compound 2 was  assigned  the  molecular  formula
C24H28O5, with four carbon atoms and eight hydrogen atoms
mass units less than that of 1.  The 1D NMR spectra of 2 in-
dicated  a  structure  similar  to  those  of 1,  except  that 2 lacks

isobutyl  signals  and  has  additional  hydroxyl  and  carbonyl
substituents. Additionally, the chemical shift of H-6' changed
from δH 1.70 (2H, m) to δH 3.70 (1H, td, J = 10.7, 5.3 Hz), in-
dicating that the hydroxyl group is located at C-6' in 2, which
was further confirmed by the HMBC spectrum (Fig. 3). In the
NOESY  spectrum,  the  correlations  of  H-5'/H2-11'  indicated
they were assigned as β-orientations, while the correlations of
H-6'/CH3-15'/H-9'  showed  their α-orientations  (Fig.  4).  A
comparison of calculated and experimental ECD spectra sub-
stantiated the absolute configuration of 2. Based on this com-
parison, the absolute configuration of 2 was determined to be
2 is  5'S,6'R,9'S,10'S (Fig.  5).  Thus,  the  structure  of 2 was
identified as farnesiferone C.

Compound 3 was  assigned  the  molecular  formula
C26H32O5, with 11 degrees of unsaturation. It had two carbon
and four fewer hydrogen atoms than 1. Compared with that of
1,  the 1D NMR spectrum of 3 showed the presence of  acet-
oxyl  and hydroxyl  groups without  isobutyryl  groups (Tables
1 and 2). Additionally,  proton  and  carbon  signals  were  as-
signed values based on HSQC and HMBC data. The HMBC

 

Table 1    1H NMR (600 MHz or 400 MHz) data for compounds 1–4 in CDCl3
 

No. 1 2 3# 4
3 6.24, d (9.5) 6.26, d (9.5) 6.24, d (9.5) 6.23, d (9.5)

4 7.63, d (9.5) 7.63, d (9.5) 7.63, d (9.5) 7.62, d (9.5)

5 7.36, d (8.3) 7.37, d (8.4) 7.37, d (9.3) 7.35, d (9.3)

6 6.81* 6.82, dd (8.4, 2.4) 6.89* 6.83*

8 6.80* 6.81, d (2.4) 6.88* 6.79*

1'α (a) 1.72, m 2.08, m 1.68, m 1.69*

1'β (b) 1.39, m 1.66, m 1.48, m 1.48*

2'α (a) 1.43, m 2.59, m 1.91, m 1.68*

2'β (b) - 2.52, m 1.68, m 1.62*

3' 4.48, m - 4.70, br. s 3.27 dd (11.3, 4.5)

5' 1.42, m 1.96, d (10.7) 1.69, m 1.22 dd (12.4, 1.8)

6'α (a) 1.70, m 3.91, td (10.7, 5.3) 1.66, m 1.73*

6'β (b) - - 1.54, m 1.54*

7'α (a) 2.34, br. d (14.5) 2.62, m 2.17, m 2.15, m

7'β (b) 2.06, m 2.23, m -

8' - - -

9' 2.22, t (5.9) 2.33, t (6.0) -

11'a 4.30, dd (10.0, 6.0) 4.31, dd (9.8, 6.8) 4.56, d (10.0) 4.53, d (10.0)

11'b 4.02, dd (10.0, 6.0) 4.15, dd (9.8, 6.3) 4.42, d (10.0) 4.38, d (10.0)

12'a 4.82, s 4.95, t (2.0) 1.72, s 1.68, s

12'b 4.73, s 4.87, t (2.0) -

13' 0.92, s 1.36, s 0.90, s 1.03, s

14' 0.90, s 1.33, s 0.94, s 0.82, s

15' 1.02, s 0.97, s 1.06, s 1.02, s

2'' 2.54, m - 2.07, s

3'' 1.16, d (7.0) - -

4'' 1.17, d (7.0)
* Overlapped signals; # Tested at 400 MHz.

DANG Wen, et al. / Chin J Nat Med, 2024, 22(7): 643-653

– 646 –



of δH 4.70 (1H, br. s, H-3') with δC 170.9 (C-1'') indicated that
the  acetoxyl  group  was  located  at  C-3'.  Besides,  the  HMBC
of δH 1.72 (3H, s, CH3-12') with δC 135.4 (C-9') and 33.4 (C-
7')  demonstrated  that  CH3-12'  was  in  conjunction  with  C-8'
(Fig. 3).  Through the NOE correlation of H-3'/CH3-14'/CH3-
15' and H-5'/CH3-13', the relative configuration of 3 was de-
termined to be 3'R*,5'R*,10'S* (Fig. 4). By comparing the ex-
perimental and  calculated  ECD spectra,  the  absolute  config-
uration  of 3 was  further  confirmed  as  3'R,5'R,10'S (Fig.  5).
Thus, the structure of 3 was identified as farnesiferol acetate.

Compound 4 exhibited  a  molecular  formula  C24H30O4
with 10 degrees of unsaturation. Compared with the 1D NMR
data of 3, the acetyl group of 4 was replaced by the hydroxyl
group, which was supported by the HMBC of δH 3.27 (H-3')
with δC 34.7 (C-1'),  27.7 (C-2'),  and 38.9 (C-4' (Fig. 3).  The
NOESY  correlations  between  CH3-14'/CH3-15'  and  H-3'/H-
5'/CH3-13' indicated that H-3', H-5', CH3-13' were β-oriented,
and CH3-13', H-5' were α-oriented (Fig. 4). The relative con-
figuration of 4 was suggested to be 3'R*,5'S*,10'R*. A compar-
ison  between  calculated  and  experimental  ECD  spectra  was
carried out to validate its absolute configuration. As shown in

Fig.  5,  (3'R,5'S,10'R)-4 matched  well  with  the  experimental
curve, revealing the absolute configuration as (3'R,5'S,10'R)-4
for which the name was proposed as ferusingensine I.

Compound 5 had  a  molecular  formula  of  C26H34O6, ac-
cording  to  a  molecular  ion  peak  at m/z 443.2436  [M  +  H]+

(Calcd.  443.2428  for  C26H35O6)  from  HR-ESI-MS  data,
which was 18 Da higher than that of 3. A comparison of 1D
NMR data and molecular formulas of 5 and 3 (Tables 2 and
3)  showed  that 5 contained  a  hydroxyl  group  while  lacking
one  double  bond  present  in 3. The  HMBC  spectrum  indic-
ated the correlations of δH 4.53 (Ha-11')/4.38 (Hb-11') with δC
72.3 (C-8') and δH 1.51 (CH3-12') with δC 39.1 (C-7'), 59.2 (C-
9'),  confirming  that  the  hydroxyl  group  was  located  at  C-8'
(Fig. 3). The NOE correlations between H-3'/H-5', H-3'/CH3-
13', CH3-15'/CH3-12'/CH3-14' clearly indicated that CH3 -12',
CH3-14', and CH3-15' were α-oriented, while H-3', H-5', CH3-
13', and H2-11' were β-oriented (Fig. 4), and the relative con-
figuration was determined as 3'R*,5'S*,8'S*,9'S*,10'R*. The ab-
solute  configurations  of 5 were  suggested  as  3'R,5'S,
8'S,9'S,10'R by comparison with the calculated ECD (Fig. 5).
Therefore, compound 5 was identified as ferusingensine J.

 

Table 2    13C NMR (150 MHz or 100 MHz) data for compounds 1–9 in CDCl3
 

No. 1 2 3 4 5# 6 7 8 9
2 161.4 161.2 161.4 161.4 161.4 161.4 161.4 161.4 161.3
3 113.2 113.5 113.2 113.1 113.1 112.9 113.2 113.1 113.1
4 143.5 143.5 143.5 143.6 143.6 143.6 143.6 143.6 143.5
5 128.9 129.0 128.8 128.8 128.9 128.7 128.8 128.8 128.8
6 113.1 113.2 113.3 113.3 113.2 113.3 113.3 113.4 113.2
7 162.1 161.8 162.6 162.6 162.6 163.1 162.2 162.3 162.1
8 102.0 101.8 101.6 101.5 102.0 101.3 101.7 101.8 101.6
9 156.0 156.0 156.1 156.0 156.0 156.1 156.0 156.0 155.9
10 112.7 112.9 112.6 112.6 112.7 112.4 112.6 112.6 112.6
1' 34.6 33.6 30.2 34.7 35.1 26.9 29.9 30.8 65.4
2' 22.9 34.3 23.3 27.7 23.9 23.3 37.0 36.3 118.9
3' 80.2 217.2 77.7 78.8 80.7 64.9 214.9 215.0 141.1
4' 38.2 47.7 36.9 38.9 38.1 125.3 51.5 81.3 33.0
5' 46.8 53.0 45.8 50.7 47.4 130.3 42.1 47.3 39.0
6' 24.1 70.3 18.4 18.7 19.9 24.6 34.2 35.4 213.2
7' 32.4 42.9 33.7 34.1 39.1 32.2 32.8 35.1 45.5
8' 146.7 143.6 136.0 136.0 72.3 35.0 142.8 143.8 26.4
9' 56.7 54.8 135.4 135.2 59.2 40.9 118.6 118.0 37.4
10' 37.7 37.9 37.9 37.9 37.7 43.1 33.5 37.4 214.2
11' 68.2 67.9 64.7 64.7 67.0 71.9 65.6 65.7 40.9
12' 111.6 113.7 19.7 19.5 32.4 16.2 17.1 17.1 18.3
13' 17.0 31.3 27.8 28.2 28.3 20.4 10.3 10.3 17.0
14' 28.5 21.9 21.8 15.5 16.6 20.3 20.6 20.6 16.4
15' 22.3 21.5 20.8 20.9 24.8 22.6 14.8 14.8 18.3
1'' 176.9 - 170.9 171.0 177.4
2'' 34.6 21.5 21.4 34.2
3'' 19.3 - - 19.2
4'' 19.1 19.2

# Tested at 100 MHz.
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Fig. 3    Key HMBCs ( ) of compounds 1–5.
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Fig. 5    Comparison of experimental and calculated ECD spectra of compounds 1–5.
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Compound 6 had  a  molecular  formula  of  C28H38O5 ac-
cording  to  a  molecular  ion  peak  at m/z 453.2664  [M – H]−

(Calcd.  453.2646  for  C28H37O5)  by  HR-ESI-MS,  indicating
10 degrees of unsaturation. The 1H NMR spectrum (Table 3)
revealed the presence of two oxygenated methylene groups at
δH 4.06 (2H, m, H-3'),  3.87 (1H, d, J = 8.2 Hz, Ha-11')/3.68
(1H, d, J = 8.2 Hz, Hb-11'), and six methyl groups at δH 1.62
(3H, d, J = 0.4 Hz, CH3-14'),  1.45 (3H, d, J = 1.7 Hz, CH3-
13'),  1.18 (6H,  d, J =  7.0 Hz,  CH3-3'',  CH3-4''),  1.11 (3H,  s,
CH3-15'),  and  0.90  (3H,  d, J =  7.0  Hz,  CH3-12').  The 13C
NMR  spectrum  (Table  2) indicated  a  characteristic  umbelli-
ferone skeleton. Additionally, 15 carbon signals indicated the
presence of  a  sesquiterpene fragment,  including two olefinic
carbon signals  at δC 130.3 (C-5'),  125.3 (C-4')  and two oxy-
genated carbon signals at δC 71.9 (C-11') and 64.9 (C-3'). Be-
sides,  the  remaining  four  carbon  signals  at δC 177.4  (C-1''),
34.2 (C-2''), 19.2 (C-3''), and 19.2 (C-4'') elucidated the pres-
ence  of  isobutyryl  group,  corresponding  to  the  three  proton
signals at δH 2.54 (1H, m, H-2''), 1.18 (3H, d, J = 7.0 Hz, CH3-
3''), and 1.16 (3H, d, J = 7.0 Hz, CH3-4'') observed in the 1H
NMR spectrum above. Combining the 1D NMR data with the
degree  of  unsaturation,  it  can  be  speculated  that 6 was  a
monocyclic SC.

In the HMBC spectrum of 6 (Fig. 6), the correlations of
δH 4.06 (2H, m, H-3') with δC 177.4 (C-1'') suggested the loc-
ation  of  the  isobutyryl  group  at  C-3'.  The  correlations  of δH
0.90 (CH3 -12') with δC 32.2 (C-7'), 35.0 (C-8'), and 40.9 (C-
9') and of δH 1.11 (CH3 -15') with δC 35.0 (C-8'), 40.9 (C-9'),
43.1 (C-10'), and 71.9 (C-11') indicated that CH3-12' and CH3-
15' were located at C-8' and C-10', respectively. The CH3-13'/
CH3-14' were located at C-4' was supported by the HMBC of
δH 1.45 (CH3 -13')  and 1.62 (CH3 -14')  with δC 125.3 (C-4')
and 130.3 (C-5'). These HMBCs established the planar struc-
ture  of  the  sesquiterpene  unit  in 6.  The  NOE  correlations
between CH3-12'/ Hb-11', H-10'/ Ha-11', and CH3-15'/ H-8'/ H-
1')  established  an β-orientation  for  H2-11'  and  CH3-13',  and
an α-orientation for H2-1' and CH3-15' (Fig. 7). Thus, the rel-
ative  configuration  of  compound 6 was  established  as
8'S*,9'S*,10'S*.  The absolute configuration was determined as
8'S,9'S,10'S by  comparing  the  experimental  and  calculated
ECD  spectrum  (Fig.  8).  Therefore,  the  structure  of 6 was
identified as ferusingensine L.

Compound 7 was determined  to  have  a  molecular  for-
mula of C24H30O4 based on the ion peak at m/z 405.2046 [M
+ Na]+ (Calcd. 405.2036 for C24H30O4Na), indicating 10 de-
grees  of  unsaturation.  The 1H  NMR  spectrum  (Table  3) re-
vealed several key features: an olefinic proton at δH 5.46 (1H,
t, J =  6.5  Hz,  H  -9');  an  oxygenated  methylene  group  at δH
4.57 (2H, d, J = 6.5 Hz, H2-11'), and four methyl groups at δH
1.74 (3H, s, CH3-12'), 1.03 (3H, d, J = 6.8 Hz, CH3-15'), 1.02
(3H, d, J = 7.0 Hz, CH3-13'), and 0.88 (3H, s, CH3-14'). The
13C  NMR  spectrum  (Table  2)  indicated  the  presence  of  a
characteristic umbelliferone  skeleton.  Furthermore,  15  car-
bon signals  indicated  the  presence  of  a  sesquiterpene  frag-
ment, including two olefinic carbons at δC 142.8 (C-8'), 118.6

(C-9'),  one  carbonyl  signal  at δC 214.9 (C-3'),  and  one  oxy-
genated carbon signals at δC 65.6 (C-11'). Combining the 1D
NMR data  with  the  degree  of  unsaturation,  it  can  be  specu-
lated that 7 was a monocyclic SC. The HMBCs of δH 1.89 (H,
m,  Hα-1'),  1.63  (1H,  m,  Hβ-1'),  1.02  (3H,  s,  CH3-13'),  and
0.88 (3H, s, CH3-14') with δC 214.9 (C-3') determined that the
carbonyl group was located at C-3'. δH 1.74 (CH3-12') related
to δC 32.8  (C-7'),  142.8  (C-8'),  118.6  (C-9')  indicating  that
CH3-12'  was  at  C-8'  (Fig.  6).  Besides,  the  correlations  from
δH 1.02 (CH3-13') to δC 214.9 (C-3'), 51.5 (C-4'), 42.1 (C-5')
demonstrated  that  CH3-13' was  located  at  C-4'.  The  correla-
tions  from δH 0.88  (CH3-14')  to δC 51.5  (C-4'),  42.1  (C-5'),
and 34.2 (C-6') indicated the position of CH3-14' was at C-5'.
The position of CH3-15' at C-10' was supported by the correl-
ations from δH 1.03 (CH3 -15') to δC 29.9 (C-1'), 33.5 (C-10'),
and 42.1 (C-5'). The correlations from δH 4.57 (H2-11') to δC
142.9 (C-8'),  119.3  (C-9'),  and 162.2  (C-7)  revealed that  the
double bond was at  C-8/C-9. The relative configuration of 7
was  confirmed  as  4'S*,5'S*,10'S* by  the  cross-peaks  of  H-
4'/CH3-14'/H-10', H-6'/CH3-13'/CH3-15' in the NOESY spec-
trum (Fig. 7). The ECD spectrum of 7 was calculated, and the
results  showed  that  the  calculated  ECD  spectrum  of
4'S,5'S,10'S closely matched the experimental results (Fig. 8),
and the structure of 7 was defined as ferusingensine M.

Compound 8 was determined  to  have  a  molecular  for-
mula of C24H30O5 based on the ion peak at m/z 819.4074 [2M
+  Na]+ (Calcd.  819.4077  for  C48H60O10Na).  Compared  with
7, the molecular weight of 8 is 16 Da more. Detailed analysis
of the 13C NMR data of 8 (Table 2) exhibited high similarity
to that of 8, except for the presence of oxygenated carbon sig-
nals  at δC 81.3  at  C-4'  in 8 but  absent  in 7.  This  hypothesis
was  supported  by  the  HMBCs  of δH 1.38  (CH3 -13'),  0.69
(CH3 -14'), and 2.01 (H-10') with δC 81.3 (C-4') (Fig. 6). The
relative configuration of 8 was indicated as 4'R*,5'S*,10'S* by
the  cross-peaks  of  CH3-13'/H2-6',  CH3-13'/H-10',  and  CH3-
14'/CH3-15'  in  the  NOESY  spectrum  (Fig.  7).  Based  on  the
above speculation, the relative configuration of 8 was identi-
fied  as  4'R*,5'S*,10'S*. Subsequently,  the  absolute  configura-
tions  of 8 were  suggested  as  4'R,5'S,10'S by  comparison  of
the  calculated  ECD  (Fig.  8).  Thus,  compound 8 was identi-
fied as ferusingensine N.

Compound 9 was determined  to  have  a  molecular  for-
mula of C24H30O5 based on an ion peak at m/z 399.2175 [M +
H]+ (Calcd.  399.2166  for  C24H31O5),  indicating  an  index  of
hydrogen deficiency of 10. The 1H NMR spectrum (Table 3)
revealed an olefinic proton at δH 5.44 (1H, t, J = 6.5 Hz, Ha-
12'),  an  oxygenated  methylene  group  at δH 4.55  (2H,  d, J =
6.5 Hz, H-1'), and four methyl groups at δH 1.74 (3H, s, CH3-
13'),  1.05  (3H,  overlap,  CH3-14'),  1.04  (3H,  overlap,  CH3-
15'),  and  1.04  (3H,  overlap,  CH3-12').  The 13C NMR  spec-
trum indicated  a  characteristic  umbelliferone  skeleton.  Fur-
thermore, 15  carbon  signals  indicated  the  presence  of  a  ses-
quiterpene fragment, including two olefinic carbon signals at
δC 141.1 (C-3') and 118.9 (C-2') and two carbonyl carbon sig-
nals at δC 214.6 (C-10') and 213.2 (C-6'). Combining the 1D
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NMR data  with  the  degree  of  unsaturation,  it  can  be  specu-
lated that 9 was an acyclic SC. The HMBCs of δH 1.74 (CH3 -
13')  with δC 118.9  (C-2'),  141.1  (C-3'),  and  33.0  (C-4')  and
of δH 1.05  (CH3-14')  with δC 213.2  (C-6'),  45.5  (C-7'),  and
26.4 (C-8')  indicated that  CH3-13'  and CH3-14'  were located
at C-3' and C-7', respectively (Fig. 6). The CH3-12'/ CH3-15'
were located at C-11' was supported by the correlations of δH
1.04 (CH3 -12') and 1.04 (CH3 -15') with δC 40.9 (C-11') and
214.2  (C-10').  The  ECD  spectrum  of 9 was  calculated,  and
the  results  showed  that  the  calculated  ECD  spectrum  of  7'S
closely  matched  the  experimental  results  (Fig.  8),  and  the
structure of 9 was defined as (7'S)-ferusingensine O.
 Anti-neuroinflammatory activities of SCs

The model of BV2 microglia cells activated by LPS was
established  to  evaluate  the  anti-neuroinflammatory  activities
of  all  SCs by Griess  method.  The cell  viability  assay (Table
S1) showed that survival rates of BV2 cells treated with 2 and
3 at a concentration of 100 μmol·L−1 and 6 at a concentration
of  30  μmol·L−1 were  over  90%.  Compounds 2−3, 6 showed

inhibitory  activity  in  NO  production  with  IC50 values  of
1.63−15.55 μmol·L−1 (Table 4, Fig. 9), among which farnesi-
ferol acetate (3) showed the most potent inhibitory effect with
IC50 value at 1.63 μmol·L−1.

 Material and Methods

 General procedures
A range of instruments and materials were utilized in this

study. UV spectra were detected using a Shimadzu UV-2600i
spectrophotometer  (Shimadzu  Co.,  Ltd.,  Shanghai,  China),
while  IR spectra  were obtained with a  GangDong FTIR-650
FT-IR  Spectrometer  (Tianjin  Gangdong  SCI.  &  TECH  Co.,
Ltd., Tianjin, China). High-resolution electrospray ionization
mass  spectrometry  (HR-ESI-MS)  data  were  acquired  with  a
Bruker  microTOF-Q  mass  spectrometer  (Bruker  Daltonics
Inc., Beijing, China). For nuclear magnetic resonance (NMR)
analysis, 1D and 2D spectra were recorded using Bruker-AV-
400  and  Bruker-AV-600  spectrometers  (Bruker  Daltonics
Inc.,  Beijing,  China).  Optical  rotations  were  measured  with

 

Table 3    1H NMR (600 MHz or 400 MHz) data for compounds 5–9 in CDCl3
 

No. 5# 6 7 8 9
3 6.23, d (9.5) 6.23, d (9.5) 6.23, d (9.4) 6.24, d (9.5) 6.21, d (9.5)
4 7.63, d (9.5) 7.62, d (9.5) 7.63, d (9.4) 7.63, d (9.5) 7.61, d (9.5)
5 7.36, d (8.8) 7.34, d (8.6) 7.35, d (8.6) 7.36, d (8.6) 7.34, d (8.6)
6 6.83, dd (8.8, 2.2) 6.81, dd (8.6, 2.3) 6.84, dd (8.6, 2.3) 6.86, dd (8.6, 2.4) 6.81, dd (8.6, 2.3)
8 6.88, d (2.2) 6.75, d (2.3) 6.81, d (2.3) 6.82, d (2.4) 6.77, d (2.3)

1'α(a) 1.69* 1.50* 1.89* 1.83, m 4.55, d (6.5)
1'β(b) 1.42* 1.40* 1.63, m 1.59*

2'α 1.69* 1.53* 2.41* 2.63, m 5.44, t (6.5)
2'β 2.30, m 2.41*

3'α 4.45, m 4.06, m
3'β

4' 2.41* 2.31, t (7.6)
5' 1.47* 2.59, m

6'α(a) 1.70* 2.50, m 1.39, m 1.61*

6'β(b) 1.45* 1.89*

7'α(a) 1.75* 1.58, m 1.99* 2.39* 2.53, m
7'β(b) 1.59* 1.21* 1.92* 2.15, m

8'a 1.84* 1.59, m
8'b 1.89, m

9' 1.66* 5.46, t (6.5) 5.48, t (6.5) 2.40, m
10' 2.91, dd (10.5, 3.1) 1.95* 2.01, m
11'a 4.52, dd (10.0, 1.9) 3.88, d (8.3) 4.57, d (6.5) 4.60, d (6.5) 2.57, m
11'b 4.25, dd (10.0, 5.0) 3.69, d (8.3)

12' 1.51, s 0.90, d (7.0) 1.74, s 1.78, s 1.04*

13' 0.91, s 1.45, d (1.7) 1.02, d (7.0) 1.38, s 1.74 s

14' 0.88, s 1.62, d (0.4) 0.88, s 0.69, s 1.05*

15' 1.18, s 1.11, s 1.03, d (6.8) 0.94, d (6.7) 1.04*

2'' 2.55, m
3'' 1.18, d (7.0)
4'' 1.18, d (7.0)

* Overlapped signals; # Tested at 400 MHz.
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Fig. 6    Key HMBC ( ) correlations of compounds 6–9.
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Fig. 7    Key NOESY ( ) correlations of compounds 6–8.
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Fig. 8    Comparison of experimental and calculated ECD spectra of compounds 6−9.
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an  Anton  Paar  MCP200  (Anton  Paar  Trading  Co.,  Ltd.,
Shanghai,  China),  and  circular  dichroism (CD)  spectra  were
obtained using  a  Bio-Logic  Science  MOS-450  circular  di-
chroism  spectrometer  (DHS  Instruments  Co.,  Ltd.,  Dalian,
China). Semi-preparative high-performance liquid chromato-
graphy  (HPLC)  was  performed  using  a  YMC  ODS  C18
column (5 μm, 10 mm × 250 mm, ODS-A; YMC Co.,  Ltd.,
Shanghai,  China)  equipped  with  a  Shimadzu  SPD-20A UV-
VIS detector (Shimadzu Co., Ltd., Shanghai, China). Column
chromatography  was  conducted  using  silica  gel  (200−300
mesh,  Qingdao  Marine  Chemical  Inc.,  Qingdao,  China)  and
ODS  gel  (YMC  Co.,  Ltd.,  Shanghai,  China).  All  reagents
were  sourced  from  Tianjin  DaMao  Chemical  Company
(Tianjin,  China).  NMR spectra  were  processed using Bruker
TopSpin  software  (Bruker  Daltonics  Inc.,  Beijing,  China).
Dulbecco’s Modified  Eagle  Medium  (DMEM)  was  pur-
chased from  Gibco  BRL  (Grand  Island,  NY,  USA).  Lipo-
polysaccharide  (LPS, E.  coli 055∶B5) and  MTT  were  ob-
tained from Sigma Chemical Co. (St. Louis, MO, USA). Fetal
calf  serum  was  sourced  from  Clark  Bio  (Richmond,  VA,
USA),  and  96-well  cell  culture  plates  were  purchased  from
Thermo Fisher Scientific Inc. (Shanghai, China).
 Plant material

The  resin  of F.  sinkiangensis was  collected  in  Yining,
Xinjiang Province,  China,  in  June  2016.  Species  authentica-
tion  was  conducted  by  Dr.  PAN  Yingni  from  the  School  of
Traditional Chinese  Materia  Medica  at  Shenyang  Pharma-

ceutical  University.  Voucher specimens have been deposited
at  Shenyang  Pharmaceutical  University  under  Registration
No. 20160629.
 Liquid chromatography-mass spectrometry (LC-MS) analysis

LC-MS (ESI source) experiments were performed using
a Waters ACQUITY UPLCTM system, which includes a Wa-
ters Micromass Ultra Performance LC and a Waters XevoTM

G2 Q-TOF mass spectrometer. The column used was an AC-
QUITY UPLCHSS T3 (100 mm × 2.1 mm, 1.8 μm). The elu-
tion program began with an isocratic elution of 40% acetoni-
trile  in  water  (containing  0.1% formic acid)  for  2  min,  fol-
lowed  by  a  linear  gradient  from 40% to  99% acetonitrile  in
water  over  1−12  min,  at  a  flow  rate  of  0.4  mL·min−1.  All
samples were analyzed under these conditions.
 Extraction and Isolation

The  resin  of F.  sinkiangensis (1  kg)  was  extracted  with
95% ethanol using the same method as in previous studies [9].
Detailed  extraction  and  isolation  procedures  are  provided  in
the Supporting  Information  section  “S-Extraction  and  Isola-
tion”.

[α]20
D

Isobutyryl  farnesiferol  (1):  white  amorphous  powder;
 −27.3  (c 0.50,  MeOH);  the 1H  and 13C  NMR  (CDCl3)

data are presented in Tables 1 and 2; the HR-ESI-MS at m/z
453.2642 [M + H]+ (Calcd. 453.2641 for C28H37O5).

[α]20
DFarnesiferone  C  (2):  white  amorphous  powder; 

−56.0 (c 0.45, MeOH); the 1H and 13C NMR (CDCl3) data are
detailed in Tables 1 and 2;  the HR-ESI-MS at m/z 397.2015
[M + H]+ (Calcd. 397.2015 for C24H29O5).

[α]20
DFarnesiferol acetate (3):  white amorphous powder; 

−34.2 (c 0.26, MeOH); the 1H and 13C NMR (CDCl3) data are
provided in Tables 1 and 2; the HR-ESI-MS at m/z 425.2337
[M + H]+ (Calcd. 425.2328 for C26H33O5).

[α]20
DFerusingensine  I  (4):  white  amorphous  powder; 

−63.91  (c 0.50,  MeOH);  the 1H and 13C NMR (CDCl3)  data
are shown in Tables 1 and 2; the HR-ESI-MS at m/z 405.2046
[M + Na]+ (Calcd. 405.2036 for C24H30O4Na).

[α]20
DFerusingensine  J  (5):  white  amorphous  powder; 

−5.61 (c 0.41, MeOH); the 1H and 13C NMR (CDCl3) data are
shown in Tables 2 and 3; the HR-ESI-MS m/z 443.2436 [M +
H]+ (Calcd. 443.2428 for C26H35O6).

[α]20
DFerusingensine  L  (6):  white  amorphous  powder; 

−10.16  (c 0.62,  MeOH);  the 1H and 13C NMR (CDCl3)  data

 

Table 4    Effects of SCs purified from F. sinkiangensis on NO
production  in  LPS-activated  BV2  microglia  cells  (Mean  ±
SEM, n = 3)
 

Compounds IC50/(μmol·L−1) a

2 12.25 ± 2.66

3 1.63 ± 2.64

6 4.67 ± 2.64

Minocycline b 12.19 ± 1.74
Compounds 1, 7, and 8 showed NO inhibitory activity at tested
concentrations (1, 10, 30, 100 μmol·L−1); compounds 4, 5, and 9
showed cytotoxicities at affected concentrations. a 50% Inhibitory
concentration after 24 h of drug treatment; b Minocycline was used as
a positive control.
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Fig. 9    Anti-neuroinflammatory effects on NO production of active SCs identified from the resin of F. sinkiangensis in LPS-in-
duced BV2 microglia (mean ± SEM, n = 3). **P < 0.01, ***P < 0.001 vs LPS; ###P < 0.001 vs Control. NO: nitric oxide, LPS: lipo-
polysaccharide, mino: minocycline.
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are  provided  in Tables  2 and 3;  the  HR-ESI-MS  at m/z
453.2664 [M − H]− (Calcd. 453.2646 for C28H37O5).

[α]20
DFerusingensine  M  (7):  white  amorphous  powder; 

+5.61 (c 0.82, MeOH); the 1H and 13C NMR (CDCl3) data are
shown in Tables 2 and 3; the HR-ESI-MS at m/z 405.2046 [M
+ Na]+ (Calcd. 405.2036 for C24H30O4Na).

[α]20
DFerusingensine  N  (8):  white  amorphous  powder; 

+10.0 (c 0.40, MeOH); the 1H and 13C NMR (CDCl3) data are
detailed in Tables 2 and 3;  the HR-ESI-MS at m/z 819.4074
[2M + Na]+ (Calcd. 819.4077 for C48H60O10Na).

[α]20
DFerusingensine  O  (9):  white  amorphous  powder; 

−4.0 (c 0.65, MeOH); the 1H and 13C NMR (CDCl3) data are
provided in Tables 2 and 3; the HR-ESI-MS at m/z 399.2175
[M + H]+ (Calcd. 399.2166 for C24H31O5).
 Cell culture

BV-2 microglial  cells  were  cultured  in  DMEM  supple-
mented  with  10% fetal  bovine  serum  (FBS),  2  mmol·L−1

glutamine,  100  U·mL−1 penicillin,  and  100  μg·mL−1 strepto-
mycin. The cells were maintained at 37 °C in a humidified at-
mosphere  with  5% CO2.  Experiments  were  conducted  using
cells in the logarithmic phase of growth.
 Measurement of cell viability

Cell  viability  was  assessed  using  the  MTT assay.  BV-2
microglial  cells  were  seeded  into  96-well  microtiter  plates
and treated with the test  compounds for 24 h.  Following the
treatment,  0.25  mg·mL−1 MTT  solution  was  added  to  each
well,  and  the  plates  were  incubated  for  an  additional  4  h  at
37  °C.  After  incubation,  the  supernatant  was  removed,  and
the  formazan  crystals  formed  by  viable  cells  were  dissolved
in dimethyl  sulfoxide  (DMSO).  The  absorbance  was  meas-
ured at 490 nm using a plate reader (Bio-Tek, Winooski, VT,
USA) [10].
 Nitrite assay

Nitrite levels  in  the  cell  culture  supernatants  were  de-
termined  using  the  Griess  reagent  method,  as  described  by
Li et  al. [10].  BV-2  cells  were  seeded  into  96-well  microtiter
plates  and  treated  with  compounds 1–9 and  minocycline  in
the  presence  of  lipopolysaccharide  (LPS,  100  ng·mL−1)  for
24  h.  After  treatment,  50  μL  of  the  culture  supernatant  was
mixed with 50 μL of Griess reagent at room temperature. The
absorbance was  measured at  540 nm to  quantify  nitrite  con-
centration.

 Conclusion

SCs have been predominantly isolated from several taxo-

nomically related plants of the Ferula genus and are fascinat-
ing  candidates  due  to  their  wide  range  of  anti-neuroinflam-
matory  activities.  This  study  employed  a  structure-guided
separation approach to accurately isolate target SCs from the
resin  of  the  endangered  plant F.  sinkiangensis.  Among  the
isolated  compounds,  Compounds 2, 3,  and 6 demonstrated
significant  inhibition  of  NO  production  in  LPS-stimulated
BV2 microglial cells.

 Supporting Information

The Supporting Information, including “S-Extraction and
Isolation”, 1D and 2D NMR, HR-ESI-MS, UV and IR spec-
tra  of  compounds 1−9,  can be requested by sending E-mails
to the corresponding authors.
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